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Introduction {#sec001}
============

Cardiovascular disease is currently the principal cause of death in the western world \[[@pone.0154802.ref001]--[@pone.0154802.ref002]\]. Clinical symptoms in occlusive arterial diseases, including myocardial infarction, stroke, and lower limb ischemia, are all related to a common denominator, atherosclerosis \[[@pone.0154802.ref002]\]. Atherosclerosis is a chronic cardiovascular inflammatory disease initiated by an infiltration of low-density lipoprotein cholesterol (LDL) into the intimal layer of the artery. The presence of LDL within the arterial wall leads to endothelial dysfunction and subsequent recruitment of leukocytes ultimately resulting in the formation of atheroma or plaque that can grow in size and cause occlusion of the arterial lumen \[[@pone.0154802.ref003]--[@pone.0154802.ref004]\]. Integral to the progression of atherosclerotic plaque formation are the innate and adaptive immune responses and misdirected activation of immune system mediating the chronic inflammatory process in the arterial wall \[[@pone.0154802.ref002], [@pone.0154802.ref004]--[@pone.0154802.ref006]\]. The recruited leukocytes include monocytes/macrophages, dendritic cells (DCs) and activated T cells. Recruitment of higher number of monocytes and T lymphocytes potentiates the inflammatory process. Compared to stable plaque, vulnerable plaque has enhanced inflammation and it plays a crucial role in plaque destabilization \[[@pone.0154802.ref006]--[@pone.0154802.ref008]\]. Libby et al. \[[@pone.0154802.ref009]\] reported that thrombogenicity of the plaque and integrity of the fibrous cap of the plaque is regulated by inflammation and it provides a correlation between inflammation and thrombotic complications.

Although macrophages are the prominent phagocytic cells in the intima, the presence of DCs has also been highlighted \[[@pone.0154802.ref003]--[@pone.0154802.ref004]\]. Indeed, there is heterogeneity within the phagocytic cell population in the plaque that exhibit phenotypic and functional traits of DCs, including the expression of DC markers and the capacity for antigen presentation and stimulation of T cell activation \[[@pone.0154802.ref003]\]. Vulnerable plaques have significantly higher number of total and mature DCs in the shoulder region and slightly increased number of mature DCs in the fibrous cap region \[[@pone.0154802.ref008]\]. DCs are crucial for inducing but also dampening immune responses, therefore, it is crucial to determine the heterogeneity of DCs to further elucidate the implication of DC subset distribution to the pathophysiology of atherosclerosis and plaque instability. In vivo, several different subsets of DCs can be identified based on cell-surface expression markers, location and function \[[@pone.0154802.ref004], [@pone.0154802.ref010]--[@pone.0154802.ref011]\]. We have previously shown an increase in apoptosis and inflammation in human atherosclerotic plaques from symptomatic relative to asymptomatic patients with carotid stenosis \[[@pone.0154802.ref006], [@pone.0154802.ref012]\]. Recently discovered triggering receptor expressed on myeloid cells-1 (TREM-1) is involved in inflammatory and immune response, and expressed on neutrophils, monocytes and bone marrow-derived DCs \[[@pone.0154802.ref013]--[@pone.0154802.ref015]\]. Association of TREM-1 with hypoxia and inflammation and their presence in atherosclerotic area has been reported. This association results in secretion of pro-inflammatory cytokines and reactive oxygen species \[[@pone.0154802.ref013], [@pone.0154802.ref016]--[@pone.0154802.ref019]\]. Hence, TREM-1 might play a crucial role in plaque vulnerability.

It is evident that inflammation, lipid accumulation, proteolysis, thrombosis, angiogenesis and apoptosis play an important role in plaque vulnerability and hence, many serum markers for these molecular processes have been examined. These markers include C-reactive protein \[[@pone.0154802.ref020]\], myeloperoxidase \[[@pone.0154802.ref021]\], serum myeloid-A \[[@pone.0154802.ref022]\], matrix metalloproteinases (MMPs) \[[@pone.0154802.ref023]\], interleukin (IL)-18, IL-4, IL-6, IL-8, IL-12, transforming growth factor -β1, interferon (IFN)-γ, tumor necrosis factor (TNF)-α, vascular endothelial growth factor and regulated on activation, normal T cell expressed and secreted (RANTES) \[[@pone.0154802.ref024]--[@pone.0154802.ref026]\]. These studies have been performed in both coronary and carotid artery diseases, but the results in carotid artery atherosclerosis are inconclusive. Also, the assessment of transpiring nature of asymptomatic to symptomatic plaque is difficult; hence there is a need of novel non-invasive biochemical marker for carotid plaque instability. In this study, we examined the plasmacytoid DC (pDC) and myeloid DCs (mDC1 and mDC2) subsets in carotid plaques and compared these two subsets in the plaques of symptomatic and asymptomatic patients with carotid artery disease. We also examined the expression pattern of TREM-1, human leukocyte antigen (HLA)-DR, and fascin by immunofluorescence, with alpha-smooth muscle actin (α-SMA) as a selective marker to identify vascular smooth muscle cells (VSMCs) in plaque DCs and compared between the plaques from S and AS patients with carotid artery stenosis.

Materials and Methods {#sec002}
=====================

Carotid endarterectomy specimen {#sec003}
-------------------------------

The Institutional Review Board of Creighton University approved the research protocol as an exempt status since all tissue samples were collected in an anonymous manner, as has been used in recent studies \[[@pone.0154802.ref027], [@pone.0154802.ref028]\]. No specimen of the carotid endarterectomy biopsy tissue was marked or identified by patient or medical record number, pathology accession number, social security number, or any other identifiable information. None of the research investigators could identify the patients from whom the carotid endarterectomy tissues were obtained. The Institutional Review Board of Creighton University waived the need for consent. The operating surgeon collected surgical specimens of human atherosclerotic plaques while operating on the patients undergoing carotid endarterectomy procedures. The operating surgeon categorized the carotid endarterectomy specimens as either symptomatic (S) or asymptomatic (AS) according to patients' history, symptoms, and clinical examination. The research investigators were provided the specimens without any identifiable information of the patient, but the information of S or AS plaques, age, sex and ethnicity was provided.

In this study, we utilized surgical specimens of human atherosclerotic plaques (plaques from 14 asymptomatic patients, 64.0 ± 6.6 years, and plaques from 14 symptomatic patients, 74.0 ± 5.3 years; both male and female) were obtained from patients undergoing carotid endarterectomy procedures for symptomatic disease (including hemispheric transient ischemic attack, amaurosis fugax or stroke) and asymptomatic high-grade severe stenosis. Carotid endarterectomy tissues were collected in the University of Wisconsin (UW) solution and transported to the lab and maintained at 4°C. This solution maintains the functional and morphological integrity of the vascular specimen for at least 24 hours \[[@pone.0154802.ref029]\].

Preparation and staining of specimen {#sec004}
------------------------------------

Carotid specimens were fixed in 4% formalin and each specimen was transversely sectioned at 2mm and embedded in paraffin. Thin sections (5μm) were cut using a microtome and stained with hematoxylin and eosin (H&E) following manufacturer's standard protocol (Newcomer/supply).

Immunofluorescence study {#sec005}
------------------------

We performed deparaffinization, rehydration and antigen retrieval prior to immunostaining. The thin sections on the slides were given the PBS washings and then incubated for one hour in blocking solution/permeabilizing solution containing 5% (v/v) of appropriate serum with 0.25% Triton X-100 and 0.1% bovine serum albumin. The slides were subsequently incubated with primary antibody including mouse anti-human HLA-DR (SantaCruz; sc-73366) at 1:50 dilution, mouse anti-fascin (Dako; M3567) at 1:100 dilution, mouse anti α-SMA at 1:200 dilution (abcam; ab7817), goat anti-TREM 1 (SantaCruz Biotech; sc-19309) and rabbit anti-TREM 2 (SantaCruz Biotech; sc-48764) at 1:50 dilution and allowed to bind at room temperature for 2 hours. The sections were washed with PBS and incubated with Alexa Fluor 594 (red) and Alexa Fluor 488 (green)-conjugated secondary antibodies (Invitrogen, Grand Island, NY, USA) for 1 hour (1:1000 dilution) at room temperature. The slides were washed with PBS and counterstained with DAPI (4, 6-diamidino-2-phenylindole) to stain nuclei. Immunofluorescence microscopy was done with an Olympus inverted fluorescent microscope (Olympus BX51). Negative controls were run by using the isotype antibody. Three images of each section were taken and used for the calculation of fluorescence intensity of TREM-1, TREM-2, HLA-DR, fascin, and α-SMA by Image-J software (NIH) in each experimental group. The average of the three values was calculated for the analyzing the mean fluorescence intensity of the sample in each group. Similarly, for counting the number of positive cells for TREM-1, TREM-2, fascin, HLA-DR and α-SMA, three images from each sample were randomly taken and the total number of cells were counted in each image. The average of the cell numbers from these three images was calculated and considered as the number of cells per field of view. A total of five samples in each group were used to calculate the number of positive cells.

Isolation and Characterization of the Plaque DCs {#sec006}
------------------------------------------------

The isolation of mDC~1~ (CD11+CD1c+MHCII+CD123-), mDC~2~ (CD11+CD1c-CD141+MHC+CD123-) and pDCs (CD123+CD303+CD11-CD1c-) was performed by established methods in our laboratory. Briefly, carotid plaques were finely chopped into small fragments and were digested with collagenase D in RPMI-1640 containing DNase at 37°C for 4 hours. The digested tissue was dissociated to obtain the plaque cell suspension. The entire plaque cells were filtered with a 100μm cell strainer to remove large tissue debris. The small crystallized or calcified debris with higher density was removed by gradient centrifugation. The cell suspension was then filtered with 40μm cell strainer. The filtered cells were washed with PBS and counted before immunostaining. Cells were re-suspended in PBS supplemented with 4% FBS and incubated with following anti-human antibodies for 30 minutes on ice: CD1c for mDC~1~, CD141 for mDC~2~ and CD303 for pDCs. The pDCs in symptomatic carotid plaques were further confirmed as CD123+ and sorted cells were checked for immunoreactivity for CD1c.

RNA isolation, cDNA synthesis, and real-time PCR {#sec007}
------------------------------------------------

Total mRNA isolation was done by using TRI reagent (Trizol reagent, Sigma, St Louis, MO, USA) from tissues according to the manufacturer's instructions. The Nanodrop (Thermo Scientific, Rockford, IL, USA) was used for RNA quantitation. Further, the cDNA was synthesized using Improm II reverse transcription kit (Promega, Madison, WI, USA) following the manufacturer's instructions. Real-time PCR (RT-PCR) was performed in triplicate using SYBR Green Master Mix and a Real-time PCR system (CFX96, BioRad Laboratories, and Hercules, CA, USA). The primers for different genes were obtained from Integrated DNA Technologies. (Coralville, IA, USA). The PCR cycling conditions were 5 min at 95°C for initial denaturation, 40 cycles of 30s at 95°C, 30s at 55--60°C (according to the primer annealing temperatures) and 30s at 72°C followed by melting curve analysis. Fold expression of mRNA transcripts relative to controls was determined after normalizing to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The oligonucleotide primer sequences for TREM-1 and TREM-2 and GAPDH were as follows. TREM-1: `AGT TAC AGC CCA AAA CAT GC` (Forward primer 5'-3') and `CAG CCC CCA CAA GAG AAT TA` (Reverse primer 5'-3'); TREM-2: `ACA GAA GCC AGG GAC ACA TC` (Forward primer 5'-3') and `CCT CCC ATC ATC TTC CTT CA` (Reverse primer 5'-3'); and GAPDH: `GGT GAA GGT CGG AGT CAA CGG ATT TGG TCG` (Forward primer 5'-3') and `GGA TCT CGC TCC TGG AAG ATG GTG ATG GG` (Reverse primer 5'-3').

Statistical analysis {#sec008}
--------------------

All the data are presented as mean ± SD. Differences between AS and S group was analyzed by Student's t-test. A value of p\<0.05 was considered statistically significant. \*p \<0.05, \*\*p \<0.01,\*\*\*p \<0.001 and \*\*\*\*p \<0.0001.

Results {#sec009}
=======

Neo-intima and plaque formation in symptomatic patients {#sec010}
-------------------------------------------------------

H&E staining of the carotid plaque tissue from S and AS patient showed neo-intima and plaque formation in symptomatic carotid plaques ([Fig 1F and 1P](#pone.0154802.g001){ref-type="fig"}). Decreased cellularity was observed in the S compared to AS carotid plaques ([Fig 1](#pone.0154802.g001){ref-type="fig"}).

![Immunofluorescence staining for TREM-1, TREM-2, and HLA-DR and co-localization of TREMs with HLA-DR+ cells in carotid plaques.\
H&E staining shows the histology of carotid plaques in AS (panels A, K) and S (panels F, P) patients. Immunofluorescence staining for TREM-1 (panels B, G), TREM-2 (panels L, Q), HLA-DR (panels C, H, M, R), DAPI (panels D, I, N, S) was performed and merged for examining co-localization of TREM-1 and HLA-DR (panels E, J) and for TREM-2 and HLA-DR (panels O, T). Arrows shows the co-localization of TREM-1 and TREM-2 with HLA-DR. These are the representative images of 3 randomly selected samples from independent patients in each experimental group. Mean fluorescence intensity of TREM-1 (panel U), TREM-2 (panel W) and HLA-DR (panel Y) and number of positive cells for TREM-1 (panel V), TREM-2 (panel X) and HLA-DR (panel Z). Data are shown as mean ± SD (N = 3); \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 and \*\*\*\*p\<0.0001.](pone.0154802.g001){#pone.0154802.g001}

Increased expression of TREM-1 and HLA-DR and decreased expression of TREM-2 in carotid plaques of symptomatic patients {#sec011}
-----------------------------------------------------------------------------------------------------------------------

HLA-DR+ cells were localized to the sub-endothelial area in the intima layer of both symptomatic and asymptomatic atherosclerotic carotid plaques. However, in addition to the sub-endothelial layer location, HLA-DR+ cells were widely distributed in the atherosclerotic plaque from symptomatic and asymptomatic patients with carotid stenosis ([Fig 1](#pone.0154802.g001){ref-type="fig"}). These HLA-DR+ cells were significantly greater in the areas of thin fibrous cap and shoulder of the S compared to AS plaques ([Fig 1C, 1H, 1M and 1R](#pone.0154802.g001){ref-type="fig"}). There was significantly increased expression of TREM-1 ([Fig 1B, 1G, 1U and 1V](#pone.0154802.g001){ref-type="fig"}) and HLA-DR ([Fig 1C, 1H, 1M, 1R, 1Y and 1Z](#pone.0154802.g001){ref-type="fig"}), and significantly decreased expression of TREM-2 ([Fig 1L, 1Q, 1W and 1X](#pone.0154802.g001){ref-type="fig"}) in the S compared to AS plaques. TREM-1 and TREM-2 were found to be co-localized with HLA-DR+ cells ([Fig 1E, 1J, 1O and 1T](#pone.0154802.g001){ref-type="fig"}).

Increased expression of Fascin, decreased expression of TREM-2, and co-localization of TREMs in Fascin+ cells in carotid plaque of symptomatic patients {#sec012}
-------------------------------------------------------------------------------------------------------------------------------------------------------

Fascin+ cells were mainly localized to sub-endothelial area of the intima layer of both AS and S atherosclerotic carotid plaques. However, in addition to the subendothelial layer location, fascin+ cells were widely distributed in the atherosclerotic plaques from S and AS patients with carotid stenosis ([Fig 2](#pone.0154802.g002){ref-type="fig"}). These fascin+ cells were significantly greater in the areas of thin fibrous cap and shoulder region of S compared to AS plaques ([Fig 2A, 2E, 2I and 2M](#pone.0154802.g002){ref-type="fig"}). There was significantly increased expression of TREM-1 ([Fig 2B and 2F](#pone.0154802.g002){ref-type="fig"}), fascin ([Fig 2A, 2E, 2I, 2M, 2Q and 2R](#pone.0154802.g002){ref-type="fig"}) and significantly decreased expression of TREM-2 ([Fig 2J and 2N](#pone.0154802.g002){ref-type="fig"}) in the S compared to AS plaques. TREM-1 and TREM-2 were found to be co-localized with fascin+ cells ([Fig 2D, 2H, 2L and 2P](#pone.0154802.g002){ref-type="fig"}).

![Immunofluorescence staining for Fascin and TREM-2, and co-localization of TREMs with Fascin+ cells in carotid plaques.\
Immunofluorescence staining for TREM-1 (panels B, F), TREM-2 (panels J, N), fascin (panels A, E, I, M), DAPI (panels C, G, K, O) was performed and merged for examining the co-localization of TREM-1 and fascin (panels D, H) and for TREM-2 and fascin (panels L, P). Arrows shows the co-localization of TREM-1 and TREM-2 with fascin. These are the representative images of 3 randomly selected samples in each experimental group. Mean fluorescence intensity for fascin (panel Q) and number of positive cells for fascin (panel R). Data are shown as mean ± SD (N = 3); \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 and \*\*\*\*p\<0.0001.](pone.0154802.g002){#pone.0154802.g002}

Decreased expression of α-SMA and co-localization with TREMs in carotid plaques of symptomatic patients {#sec013}
-------------------------------------------------------------------------------------------------------

Vascular smooth muscle cells were widely distributed in both symptomatic and asymptomatic atherosclerotic plaques ([Fig 3](#pone.0154802.g003){ref-type="fig"}). However, the VSMCs density was significantly lower in S ([Fig 3E and 3M](#pone.0154802.g003){ref-type="fig"}) compared to AS ([Fig 3A and 3I](#pone.0154802.g003){ref-type="fig"}). There was significantly increased expression of TREM-1 ([Fig 3B and 3F](#pone.0154802.g003){ref-type="fig"}), and significantly decreased expression of TREM-2 ([Fig 3J and 3N](#pone.0154802.g003){ref-type="fig"}) and α-SMA ([Fig 3A, 3E, 3I, 3M, 3Q and 3R](#pone.0154802.g003){ref-type="fig"}) in the S compared to AS plaques. TREM-1 and TREM-2 were found to be co-localized with α-SMA+ cells ([Fig 3D, 3H, 3L and 3P](#pone.0154802.g003){ref-type="fig"}).

![Immunofluorescence staining for α-SMA+ cells and co-localization of α-SMA+ cells with TREM-1 and TREM-2 in carotid plaques.\
Immunofluorescence staining for TREM-1 (panels B, F), TREM-2 (panels J, N), α-SMA (panels A, E, I, M), DAPI (panels C, G, K, O) was performed and merged for examining the co-localization of TREM-1 and α-SMA (panels D, H) and for TREM-2 and α-SMA (panels L, P). Arrows show the co-localization of TREM-1 and TREM-2 with α-SMA. These are the representative images of 3 randomly selected samples in each experimental group. Mean fluorescence intensity for α-SMA (panel Q) and number of positive cells for fascin (panel R). Data are shown as mean ± SD (N = 3); \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 and \*\*\*\*p\<0.0001.](pone.0154802.g003){#pone.0154802.g003}

Increased mRNA expression of TREM-1 in carotid plaques of symptomatic patients {#sec014}
------------------------------------------------------------------------------

In tissue extracts of carotid plaques of symptomatic and asymptomatic patients, the mRNA expression of TREM-1 was higher ([Fig 4A](#pone.0154802.g004){ref-type="fig"}) whereas mRNA expression of TREM-2 was lower ([Fig 4B](#pone.0154802.g004){ref-type="fig"}) in S compared to AS. These results confirm our immunofluorescence results on increased expression of TREM-1 and decreased expression of TREM-2 in S compared to AS.

![TREM-1 and TREM-2 mRNA expression analysis by RT-PCR.\
The cDNA prepared from mRNA was subjected to RT-PCR with gene specific primers (A: TREM-1; B: TREM-2) and the fold-change expression relative to GAPDH as housekeeping gene are shown. Results are expressed as fold-change in S compared to AS. Data are shown as mean ± SD (N = 6); \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 and \*\*\*\*p\<0.0001.](pone.0154802.g004){#pone.0154802.g004}

Increased plasmacytoid DCs in symptomatic carotid plaques {#sec015}
---------------------------------------------------------

In asymptomatic carotid plaques, the majority of the DCs had a phenotype of mDC~1~ and mDC~2~ with a few pDCs ([Fig 5A and 5B](#pone.0154802.g005){ref-type="fig"}; [Table 1](#pone.0154802.t001){ref-type="table"}), however in symptomatic carotid plaques the majority of the DCs had a phenotype of pDCs and a very few mDC~1~ and mDC~2~ ([Fig 5C, 5D and 5E](#pone.0154802.g005){ref-type="fig"}; [Table 1](#pone.0154802.t001){ref-type="table"}). The pDCs in S carotid plaques were further confirmed as CD123+ and sorted cells were checked for any immunoreactivity to CD1~C~. The CD303+CD123+ cells from this population of DCs primarily consisted of pDCs.

![Dynamics of myeloid and plasmacytoid dendritic cells in S and AS carotid plaques.\
Cell characterization was performed using anti-human antibodies for mDC~1~ (CD1c+), mCD~2~ (CD141+) and pDC (CD303+). (A) Cells only are without antibody (background) and cells labeled with CD1~C~ antibody for mDC~1~. After subtracting background, mDC~1~ cells were 3.5%; (B) CD141+ cells (mDC~2~) were 8.78% and CD303+ cells (pDCs) were 1.41%; and (C) Cells only are without antibody (background) and cells labeled with CD1~C~ antibody for mDC~1~. After subtracting background, (D) mDC~1~ cells were 0.73% and CD141+ mDC~2~ were 1.58%, and (E) CD303+ cells (pDCs) were 10.7%. The data represent 4 plaques from independent patients in each experimental group.](pone.0154802.g005){#pone.0154802.g005}

10.1371/journal.pone.0154802.t001

###### Dynamics of dendritic cell phenotype in atherosclerotic carotid plaques of asymptomatic and symptomatic carotid stenosis patient.

![](pone.0154802.t001){#pone.0154802.t001g}

  Plaque DC Phenotype   Asymptomatic Carotid Plaque    Symptomatic Carotid Plaque
  --------------------- ------------------------------ ---------------------------------
  CD1c+ mDC~1~          3.9--4.7% (390,000--470,000)   0.5--0.8% (50,000--80,000)
  CD141+ mDC~2~         7.6--9.2% (760,000--920,000)   1.3--1.8% (130,000--180,000)
  CD303+ pDC            0.2--1.6% (20,000--160,000)    9.6--15.3% (960,000--1,530,000)

Discussion {#sec016}
==========

Atherosclerosis, a chronic inflammatory cardiovascular process results in atheroma or plaque formation and recruitment of inflammatory cells such as macrophage, neutrophils and DCs \[[@pone.0154802.ref003]--[@pone.0154802.ref008]\]. Recent evidence in human indicates that the number of DCs increases with the progression of the atherosclerotic lesion and accumulation of mature DCs is observed in rupture-prone vulnerable plaques \[[@pone.0154802.ref003]--[@pone.0154802.ref004]\]. Among all type of APCs identified in the intimal layer of arterial wall, DCs are the most potent APCs due to their unique ability to induce primary immune response \[[@pone.0154802.ref030], [@pone.0154802.ref031]\]. APCs within the plaque are involved in the formation of foam cells and promote T helper-1 (TH~1~)-driven immune response \[[@pone.0154802.ref032]\]. DCs are emerging as a prime candidate in the pathophysiology of atherosclerosis due to their potent ability to present antigen and likely role in directing the innate or adaptive immune response against endogenous and exogenous antigen including ox-LDL, oxidized epitope on apoptotic cells, heat shock proteins and degradative products of extracellular matrix in atherosclerotic plaque and consequent plaque progression \[[@pone.0154802.ref004], [@pone.0154802.ref032]\]. In atherosclerotic artery DCs migrate (migrating myeloid DCs, HLA-DR+) to the peripheral region and there in an enhanced migration of the matured DCs (fascin+) in vulnerable plaque \[[@pone.0154802.ref008]\]. In this study, we found increased expression of TREM-1, HLA-DR and fascin and co-localization of HLA-DR and fascin with TREM-1 in S compared to AS patients with carotid stenosis, suggesting TREM-1-ionduced activation of DCs in unstable plaques.

The immune and immune competent cells in the intima form vascular-associated lymphoid tissue, which is responsible for testing the danger signals in the intima and DCs are the main element of vascular-associated lymphoid tissue. Studies have reported an alteration between the interactions of DCs and other infiltrated cells in the atherosclerosis pre-disposed area of vessel, indicating the possibility of crucial role of DCs in atherosclerosis. The vascular DCs are positive for HLA-DR and CD1a expression and are mainly present in the superficial layer of the intima \[[@pone.0154802.ref030]\]. HLA-DR+ cells are widely distributed in the intima of arterial wall and their density is more in the middle layer of the intima than the superficial and the deep layer. HLA-DR is a molecule of MHC II and is involved in the presentation of protein antigen to CD4+ lymphocytes, resulting in the initiation of immune response \[[@pone.0154802.ref030]\]. In this study, we found that the HLA-DR+ cells were mainly located in the sub-endothelial areas in the intima layer of both S and AS atherosclerotic carotid plaques, however, the fascin expression was expressed discretely in the inflammatory cell population but more near the intimal layer of plaque area in the atherosclerotic carotid plaque.

Morphological and functional changes occur in the DCs during maturation and post maturation DCs become more potent APCs with increased expression of major histocompatibility complex II (MHC II) antigen and numerous long dendrites. Fascin, an actin bundling protein regulating the cytoskeletal rearrangement and cytoskeleton-cell membrane interaction, plays an important role in the formation of the dendrites and these dendrites makes connections in between to make a crosslink structure. Dendrite formation results in the expression of fascin in the DCs \[[@pone.0154802.ref031], [@pone.0154802.ref033]\]. Phagocytosis of the pathogen by immature DCs results in DC maturation. The matured DCs (fascin+) migrate to lymphoid tissue and induce differentiation of naïve T lymphocytes to effector T cells. Th1 cells and cytotoxic cells mediate secretion of pro-inflammatory cytokines and cell destruction during pro-atherogenic process, while Th2 cells mediate both the pro- and anti-atherogenic effect \[[@pone.0154802.ref006]\]. We also found an increased number of pDCs in symptomatic carotid plaques, which is in agreement with previous reports \[[@pone.0154802.ref008], [@pone.0154802.ref034]--[@pone.0154802.ref036]\] and the positivity of these DCs for fascin shows the crucial role of mature DCs in plaque destabilization.

We observed increased co-localization of HLA-DR+ and fascin + cells with TREM-1 in symptomatic compared to asymptomatic carotid plaques. There are increasing evidence for the role of hypoxia in the pathogenesis of atherosclerosis and links between inflammatory and hypoxia signaling and development of atherosclerosis. Hypoxia is also present in macrophage-rich regions of carotid atherosclerosis plaque in human and helps in the advancement of the lesion \[[@pone.0154802.ref037]--[@pone.0154802.ref040]\]. Polymorphonuclear neutrophils (PMNs) are thought to play an important role in the development of atherosclerosis by increased endothelial adhesion or infiltration \[[@pone.0154802.ref041]\], increased production of reactive oxygen species \[[@pone.0154802.ref042]\] or via interaction with non-immune and immune cells namely monocytes, macrophage, DCs, platelets and smooth muscle cells \[[@pone.0154802.ref043]\]. TREM-1 is present on the surface of monocytes and PMNs and plays an important role in activation of these cells and production of reactive oxygen species. Increased expression of TREM-1 on PMN in chronic limb ischemia has been reported. TREM-1 plays an important role in interaction of monocytes and PMN with platelet \[[@pone.0154802.ref017], [@pone.0154802.ref018], [@pone.0154802.ref044], [@pone.0154802.ref045]\] and is upregulated in inflammation, severe infection and sepsis \[[@pone.0154802.ref046], [@pone.0154802.ref047]\]. These findings suggest that TREM-1 plays a critical role in atherogenesis and its expression on DCs might be related to plaque instability. In this study, we also found an increased immunoreactivity and mRNA expression of TREM-1 in S compared to AS and this increased reactivity may be due to the infiltrated monocytes, neutrophils and increased number of DCs in symptomatic atherosclerotic carotid plaque. Thus, the inhibition of TREM-1 could be a target to stabilize atherosclerotic plaque, as has been recently supported by studies in experimental atherosclerotic mice \[[@pone.0154802.ref048]\].

TREM-1 activates neutrophils and monocytes through transmembrane adapter protein, DAP-12, and induces the secretion of pro-inflammatory cytokines and chemokines \[[@pone.0154802.ref015]\]. Activation of monocytes through TREM-1 results in its differentiation to immature DCs and improved ability for T cell proliferation and production of INF-γ \[[@pone.0154802.ref049]\]. Langer et al. \[[@pone.0154802.ref016]\] reported that DCs recruitment in the atheroma is mediated by platelets and TREM-1 is expressed on platelet surface. TREM-1 involvement in neutrophil activation after neutrophil-platelet interaction results in respiratory burst activity and secretion of IL-8 \[[@pone.0154802.ref017]--[@pone.0154802.ref018]\], and monocytes activation after monocyte-platelet interaction results in secretion of pro-inflammatory cytokines \[[@pone.0154802.ref019]\]. Bosco et al. \[[@pone.0154802.ref013]\] reported that hypoxia can induce TREM-1 expression on mDCs and TREM-1 is a new biomarker of hypoxic mDCs involved in an inflammatory process. Presence of mDCs and hypoxia in atherosclerotic plaques might trigger induction and activation of TREM-1 and thus the pathogenesis, progression and vulnerability of carotid plaques. This could be strongly supported by our findings of significantly increased expression of TREM-1 in symptomatic carotid plaques and co-localization with HLA-DR+ and fascin+ cells.

Intima of the large vessels in human consists of smooth muscle cells and stellate-shaped cells. The α-SMA is a marker for vascular smooth muscles. These smooth muscle cells regulate the tonicity of the arterial wall. The α-SMA+ cells are involved in the production and maintenance of extracellular matrix, mainly elastin and collagen \[[@pone.0154802.ref030]\]. In this study, the symptomatic plaques also exhibited lower number of VSMCs, as we reported previously \[[@pone.0154802.ref006], [@pone.0154802.ref007]\]. IFN-γ, the inducer of MHC class II antigen in smooth muscle cells and macrophages is produced by T lymphocytes and the MHC II positivity of the neighboring cells indicate the important role of T lymphocytes in atherosclerotic process \[[@pone.0154802.ref009]\]. It has been demonstrated that IFN-α release in the plaque stimulates naïve CD4+ T cells to produce IFN-γ and to express TNF-related apoptosis-inducing ligand in an antigen-dependent manner, enabling them to kill VSMCs \[[@pone.0154802.ref050]--[@pone.0154802.ref051]\], which may help to explain the reduced number of VSMCs in S plaque and thus plaque instability \[[@pone.0154802.ref005], [@pone.0154802.ref006], [@pone.0154802.ref012]\].

We found significantly increased expression of TREM-2 and co-localization with α-SMA in asymptomatic while significantly increased TREM-1 expression but decreased α-SMA expression in symptomatic carotid plaque. These finding suggest that inflammation may play an important role in decreased expression of α-SMA and VSMCs depletion. It has also been reported that in significantly expanded atherosclerotic plaque lesion, exogenous administration of IFN-γ results in increased number of T cells and MHC II-positive cells, including macrophages and dendritic cells, and inhibition or ablation of IFN-γ results in reduced plaque cellularity and progression, and results in plaque stabilization involving decreased expression of cytokines, chemokines, adhesion molecules, MMPs and CD40 \[[@pone.0154802.ref016]\]. Role of TREM-1 in inflammatory diseases, such as COPD, inflammation in vascular bed, inflammatory bowel disease and gastric ulcers, is well established. Since there is an important role of monocytes and macrophages in atherosclerosis and plaque instability, TREM-1 activation in atherosclerosis can be related to stages and extent of atherosclerotic disease. Hence, presence of high level of TREM-1 in carotid atherosclerotic plaque may reflect the presence of an unstable plaque in symptomatic patients \[[@pone.0154802.ref052], [@pone.0154802.ref053]\]. TREM-2, a structurally related gene to TREM-1, is expressed on monocyte-derived DCs and promotes their *invivo* activation. TREM-2 is involved in DC maturation, survival and activation resulting in amplification of DC response to pathogens \[[@pone.0154802.ref049], [@pone.0154802.ref054], [@pone.0154802.ref055]\]. Our results of increased immunoreactivity of TREM-2 in asymptomatic atherosclerotic plaques are in accordance with the studies showing increased number of matured DCs in atherosclerotic plaque. TREM-2 plays a role in the regulation of immunity and it expression on newly differentiated and activated macrophages that have been recruited to the peripheral circulation prevents further activation of macrophages \[[@pone.0154802.ref056]\].

Fixation destroys or shields most cell surface epitopes. This means that nearly all DC markers cannot be studied in formaldehyde-fixed human specimens \[[@pone.0154802.ref057]\]. So, to circumvent this limitation, we have defined the plaque DC subsets and enumerated them by multi-colored flow cytometry. Interestingly, both mDCs and pDCs were found in carotid atherosclerotic plaques. However, in AS carotid plaques, the majority of the DCs had a phenotype of mDC~1~ and mDC~2~ with a few pDCs. However, in the symptomatic carotid plaques the majority of the DCs had a phenotype of pDCs with very few mDC~1~ or mDC~2~. Previous studies have shown that circulating mDC~1~ and pDC numbers are diminished in coronary artery disease and there is increased intimal DC count with evolving plaque stages, possibly due to increased recruitment from circulation to plaque areas \[[@pone.0154802.ref058]\].

Myeloid DCs and pDCs appear to be distinct in phenotype and function \[[@pone.0154802.ref004], [@pone.0154802.ref057]\]. The mDC~1~ and mDC~2~ descend from the myeloid lineage and express blood DC antigen BDCA-1 (CD1c) and BDCA-3 (CD141), respectively. The mDC~1~ produce and secrete mainly IL-12 in response to bacterial component while mDC~2~ produce IL-12 and type-1 IFN-β and also has a superior capacity to produce T~H~1 response when compared to mDC~1~ \[[@pone.0154802.ref010], [@pone.0154802.ref059], [@pone.0154802.ref060]\]. Unlike the mDCs, the pDCs express BDCA-2 (CD303) and CD123 and are specialized in innate antiviral immune response by producing large amount of type-1 INF-α and INF-β in response to toll like receptor (TLR)-7 and TLR9 stimulation \[[@pone.0154802.ref061]\]. Apart from responding to different pathogen-associated molecular patterns and secreting different cytokines, mDCs and pDCs also differ in their migratory pattern. It is assumed that mDCs are the conventional DCs that infiltrate peripheral tissue while pDCs migrate directly from the blood into lymphoid organ \[[@pone.0154802.ref004]\]. Our results are consistent with other studies that have shown localized pDC markers in carotid artery plaques, primarily in the shoulder region, where they cluster with myeloid DCs \[[@pone.0154802.ref050], [@pone.0154802.ref062], [@pone.0154802.ref063]\]. In atherosclerotic tissue, IFN-α transcripts correlate with plaque instability and TNF-α expression \[[@pone.0154802.ref050], [@pone.0154802.ref063]\], which may explain higher number of pDCs observed in symptomatic plaque.

Furthermore, pDCs may act as inflammatory amplifiers, as plaque DCs respond to IFN-α by producing markedly higher amount of pro-inflammatory mediators, such as cytokines and MMPs \[[@pone.0154802.ref063]\]. In addition to viral components, nucleotides released from necrotic and apoptotic cells in plaque may bind and stimulate TLR7 or TLR9, leading to the induction of IFN-α production by pDCs in the presence of antimicrobial peptides released from inflammatory cells \[[@pone.0154802.ref064]\]. Conversely, pDCs can also act as tolerogenic cells by expressing inducible tolerogenic enzyme indoleamine 2, 3-dioxygenase, the inducible co-stimulator ligand, and /or the programmed death-1 ligand, which mediate regulatory T cell development \[[@pone.0154802.ref061], [@pone.0154802.ref065], [@pone.0154802.ref066]\]. Nonetheless, the exact role of pDCs in atherosclerosis remains to be conclusively determined.

Conclusion {#sec017}
==========

In this study, we found that the majority of the DCs in S plaque belong to pDC phenotype. The increased presence of pDCs suggests an enhanced IFN-α secretion resulting in increased TNF-related apoptosis-inducing ligand-mediated apoptosis of coronary VSMCs and consequent exacerbation of vascular inflammation leading to plaque instability. The precise role of pDCs is debatable due to complexity of pDCs functions in atherosclerosis. It will be interesting to determine how increased levels of potential antigens from the necrotic core and the alteration in the T-cell response affect pDC function and recruitment during atherogenesis or *vice-versa*. Additional studies are warranted to determine the pro-inflammatory versus tolerogenic functions of pDCs in regard to degree of hyperlipidemia and the lesion progression in atherosclerotic plaques. We also demonstrated the over-expression of TREM-1 and co-localization of over-expressed TREM-1 with HLA-DR+ and fascin+ cells in S compared to AS plaques, indicating a possible role of TREM-1 in plaque instability along with DCs. These results support the theory that TREM-1 inhibition may be a novel strategy for enhancing plaque stability in carotid artery atherosclerosis. However, further studies are warranted to examine the expression of TREM-1 and TREM-2, and the effect of pro- and anti-inflammatory cytokines and growth factors on the expression of TREMs in isolated individual DCs subsets.
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